A robust mathemat ical model for the hydrogen embrittlement of hydride forming metals has been developed . The model takes into account the coupling of the operating physical processes, namely: (i) hydrogen diffusion , (ii) hydride precipitation , (iii) non-mechanical energy flow, and (iv) hydride/solid-solution deformation. Crack growth is simulated by using a new version of de-cohesion model with time-dependent energy of de-cohes ion due to the gradual process of hydride formation .
INTRODUCTION
The stimulation of the present study is coming from nuclear industry, where zirconium alloys are used in several structural parts of a nuclear reactor core. Zirconium alloys combine good mechanical and neutron-absorption properties. However, hydrogen embrittlement occurs during service, mainly at extended fuel burnup (usage), and may lead to significant reduction in fracture toughness. Indeed, hydrogen is generated due to the oxidation of zirconium by the coolant water in the reactor. Subsequently hydrogen diffuses in the material and forms hydrides, when its terminal solid solubility is exceeded. The hydride is a brittle phase, which actually causes the embrittlement of the material. Then, delayed hydride cracking, a subcritical crack growth mechanism, may occur, e.g. Hydrogen embrittlement , caused by the formationof hydrides at stress concentrationlocations, has been also observed in electron-microscope studies of vanadium, niobium and titan ium [14] , [I], [6] , [12] .
The hydride -induced embrittlement results from thesimultaneousoperationof several coupled processes , namely, ( i) hydrogen diffusion, (ii) hydride precipitation, (iii) non-mechanicalenergy flow , and (iv) hydride/solid-solution deformation . A simulationofthe embrittlement mechanism at constant temperature , i.e. by taking into account the coupling of processes(i), (ii) and (iv) has been presented recently by Lufrano, Sofronis and Birnbaum [8] - [9] . However, the heattransferprocess within a nuclear reactor core leads to the developmentof temperature gradientin the fuel cladding andsignificantlyaffects material deterioration. A mathematical model , which takes into account all processes (i)-(iv) as well as hydride fracture for the simulation of crack growth , has beendevelopedby Varias and Massih [15] , [17] . The model is based on thethermodynamic theoryof irreversible processes and takes into account hydrogen thermal transport. The time-dependent fracture toughness of the material ahead of the crack tip, due to the gradual hydride precipitation , is also taken into account in a new version of the de-cohesion model for crack growth . A brief discussion of the embrittlement/fracture model follows . Details of the model and relevant references are given in [15] , [17].
HYDRIDE INDUCED EMBRITTLEMENT AND FRACTURE MODEL
The governing equations of all operat ing physical processes are presented . Hydrogen diffusion is simulated by enforcing the conservation ofhydrogen mass:
where C HT is the total hydrogen concentrationand J j ll are the components of hydrogen flux . C IIT is related to the concentration of hydrogen in the solid solution , CH, and the hydride , C'':" ; as follows:
( 2) wheref is the hydride volumefraction , Note that C" is equal to the hydrogen terminal solid solubil ity, C TS , whenf :;e 0, while C" :" can beconsideredconstant , independent of temperature. Also hydrogen diffusion in the hydride is significantly slower than in the metal and therefore it can be neglected .Then, the following relation provides the total hydrogen flux in a hydride /solid-solution composite :
(3)
